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Abstract. In this work, the technique of formation of homogeneous nanoporous silicon layers
with high internal surface on solar cell substrates by stain etching is developed. Emission and
structure properties of such layers were studied by photoluminescence (PL), photolumines-
cence excitation, Auger electronic spectroscopy, atomic force microscopy and scanning tunnel
microscopy methods. It was observed that nanoporous layers are of high homogeneity and
their thickness is ~2025 nm. It was shown that the higher PL intensity of such layers in
comparison with PL intensity of the layers prepared on standard substrates in the same
regimes is connected with the higher internal surface. The increase of PL intensity during
prolonged aging in air at the room temperature was observed.
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1. Introduction
One of the unique properties of porous silicon (PS) is high
ratio of its internal surface to its volume. It is known that
this material is sensitive to different environment, which
allows to produce various type sensors based on porous
silicon [1,2]. At the same time, to detect some molecule
reactions, it is neccessary to use macroporous layers due
to micrometer scale of molecules while nanoporous lay-
ers can be used for gas sensors. It should be noted that
these layers will be homogeneous in all the porous area.
Different techniques were proposed for creation of po-
rous layers. The most widespread are electrochemical
etching in HF-based solutions and stain etching in
HF:HNO3 solution. The variation of electrochemical
conditions (current density, time, composition of electro-
lyte) allow to change silicon crystallite sizes in the wide
range and vary the thickness of layers from 100 nm to
100 µm [3]. But this method has some essential draw-
backs. One of them is using the back contact that allows
to form porous layers only on one side of substrates and
makes difficulties in the treatments of silicon substrates
with large qreas. Besides, in this case, homogeneity of
porous layers can be disturbed at the edges of layers.
The stain etching technique allows to avoid these draw-
backs and form porous layers on both sides of high square
substrates. This method is more simple, and it does not
demand special devices. However, it is impossible to made
thick layers due to competition between pore formation
and polishing processes, which results in lower internal
surface area in comparison with layers formed by electro-
chemical etching.
So, this work is devoted to the development of a tech-
nique to form homogeneous porous layers with large in-
ternal surface by stain etching as well as to study layer
properties.
2. Experimental procedure
Two types of porous layers were formed on monocrystal
silicon substrates of ð-type, B-doped, (100) orientation,
resistivity of 1 Ω⋅cm and thickness of about 300 µm. Set-A
layers were produced on the substrates with mirrored sur-
face on one or both sides after mechanical and chemical
polishing. Set B samples were made on the wafers for
solar cells. Such substrates were not polished after stand-
ard procedure of chemical cleaning for solar cells and
usually have dull surface. Before PS layers formation,
all substrates were processed in water 50 % ˚˛˝ solu-
tion wafers to remove of superficial pollution and previ-
ous loosening of surfaces. The square of the substrates
was 100 cm2.
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PS layers were prepared by stain etching in
HF:HNO3 solution at the room temperature,  natural
day-time illumination and time duration from 1 to 5 min
[4]. The layers were formed on both sides of the substrates.
The structure of PS surface was studied using atomic
force microscope (ÀFM) Nanoscope †††a in tapping
mode and scanning tunnel microscope (STM).
The Auger electronic spectroscopy (AES) measure-
ments were carried out by LAS Riber-2000  system. En-
ergy of a primary electron beam was 3 ŒåV, the current of
a probe was 5×107 A. Argon ion etching was used to
control depth distribution of elements in PS layers. The
energy of ions was 4 ŒåV. Etching rate was 3 nm per
minute. The information was obtained from a
100×100 µm2 surface.
Photoluminescence (PL) was excited by a xenon-150
lamp with a grating monochromator MDR-23, dispersed
by a prism spectrometer IKS-12 and detected by a
photomultiplier FEU-79. All spectra were corrected on
spectral response. The PL excitation (PLE) spectra were
measured at the maximum of PL band. All measurements
were performed at 300 K.
3. Results and discussion
The AFM investigations of substrates for set-B sam-
ples shown that the surface of such substrates has the rough-
ness ~1 µm (Fig. 1,a), while the roughness of substrates
for set-A layers was ~50 nm (with mirrored surface).
Morphology of surface PS layers on set-A samples was in
detail investigated in many papers [57].
Porous layers produced on both types of substrates
had the ordered structure and repeated the surface mor-
phology of initial substrates both for set-A samples and
for the set-B ones. A representative surface morphology
of PS layers on set-B substrates is depicted in Fig.1,b.
The analysis of obtained AFM images shows that PS lay-
ers contain the hillocks with height ~20 nm. These hill-
ocks apparently correspond to the vertices of Si crystal-
lites, whereas the hollows between them correspond to
the outcrop of narrow (nanometer) pores on the surface.
A similar structure is also observed on all the relief of the
surface substrate and strictly repeats morphology of the
surface of monocrystalline silicon, i.e., the microrelief of
silicon substrates is modulated with the nanorelief.
It is known that because of the certain size of AFM
tip the information on the depth of PS layer could be
incorrect in the case of deep narrow pores. Such pores
can be displayed as shallow holes. So, STM investiga-
tion of PS layer structures on B-set samples were per-
formed. This method allows to study separate pores of
porous silicon.
The STM images obtained on PS area of 110×110 nm2
and 20×20 nm2 are shown on Fig. 2. As one can see, the
hillocks are clearly resolved and their average diameters
are of a few nanometers. The study of height profile shows
that the height of hillocks is ~20 nm, which well corre-
lates with AFM data.
 It should be noted that structure investigation of dif-
ferent parts of porous layers prepared on high square
substrates showed that these layers were stably repro-
duced in morphology of these PS surfaces. It is necessary
to note that between the samples separately prepared
under identical conditions it was not observed any ap-
preciable difference in the structure of their surfaces.
Additional information about PS thickness was ob-
tained from AES investigation of the layers. Fig. 3,a
shows typical AES depth profile of the PS samples. Curves
1, 2, 3 and 4 in the figure correspond to the concentration
distributions of Si, O, C and SiOx with the Ar+ sputtering
time, respectively. Absence of the contents N and F that
frequently meet in AES spectra of stain etching PS, shows
good washing and drying the samples. Comparing the
curves 1, 2, 3 and 4, the content of Si, O, C and SiOx in PS
sample surface is approximately 0.5, 24.1, 49.6 and
25.8 %, respectively. As one can see, SiOx content de-
Fig. 1. AFM images of monocrystalline silicon substrate (à) and  PS surface for set-B samples (b), (the area of scanning 1×1 µm 2).
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creases steadily up to its complete disappearance after
argon ion etching for 7 min, which corresponds to ~20
25 nm depth. At the same time, the content of Si increases
up to its maximum value at the same depth. So, we can
conclude that the thickness of nanoporous layer is ap-
proximately ~2025 nm. Since content of O and C does
not disappear entirely, we can suppose that some deep
pores can be present in the layers and total thickness of
porous layer is more than 2025 nm. For comparison, we
submitted the typical AES depth profiles of the silicon
substrates (Fig. 3,b).
The typical PL spectra of set-A and set-B samples are
shown in Fig. 3. As one can see, PL is excited by the light
from 280530 nm spectral region (Fig. 3, curves 1, 2). It
should be noted that different parts of PS samples pre-
pared at high square substrates have the similar PL spect-
ra (curves 3 to 5 for the set-A samples and curves 6 to 8 for
the set-B samples). Their intensities and peak positions
differ insignificantly. Besides, the samples with small
squares prepared separately at the same etching regime
showed the similar luminescent properties, too. So, we
can compare different samples prepared in the same etch-
ing regime and testify about high reproducibility of the
method. It should be noted that it is completely correct,
since all spectra were measured on one setup under iden-
tical conditions.
The comparison of PL properties of the set-A and set-
B samples shows that PL and PLE spectra of the set-B
Fig. 2. STM images of the porous silicon surface, the scanned area is 110×110 nm2 (à), 20×20 nm2 (b).
Fig. 3. AES depth profile of PS sample (a) and silicon substrates (b). 1,2,3, and 4 stand for concentrations distribution of Si, O, C and
SiOx, respectively.
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samples (porous layers prepared on substrates for solar
cells) are similar to set-A ones. At the same time in the
contrast of the set-A layers PL intensity of the set-B sam-
ples is higher than set-A samples emission and is enough
for supervision PL to the naked eye. This PL intensity is
close to the one of the PS layers prepared by electro-
chemical etching.
The reason of higher PL intensity of set-B samples in
comparison with the set-A ones is as follows. Since the
sizes of hillocks are similar for both type PS layers, we
can think that the higher PL intensity of PS layers pre-
pared on set-B substrates is connected with their high
porous area. As one can see from AFM investigation, the
surface of initial set-B substrate was more developed that
of the set A at the same volume. So, the area of PS layer
formed on set-B substrates will be larger than area of the
layer prepared on set-A wafers.
The main lack for application of PS in optoelectronics
is instability of its luminescent properties and degrada-
tion of luminescence during aging in air. Since the mo-
ment of PS visible luminescence discovery, many works
have been done to research PL aging.
As for our case, PL intensity of both type samples
increased with time (Fig. 5). The changes in PL intensity
were estimated via changes of its intensity at the maxi-
mum. During one-month aging, PL intensity increased
by 1.5 to 2 times due to oxidation process, which is in
agreement with the data obtained by different authors
[8,9]. After one-month aging, PL intensity reached its
maximum and then remained constant for 10 months.
Some deviation of PL intensity from the observed con-
stant value within 57% limits is probably caused by dif-
ferent positions of points for measurements on the sample
surface. It should be noted that PL peak position did not
change practically during aging.
In conclusion, PS layers with high internal surface
prepared by stain etching on monocrystalline silicon
substrates for solar cells were studied. It was shown that
these layers are of high homogeneity and stably repro-
duced from the point view of their surface morphology. It
was found that the thickness of nanoporous layers were
~2025 nm. These layers prepared on solar cells
substrates have bright PL. Its intensity is higher that PL
intensity of PS layers formed on the standard substrates
at the same regimes and is enough to observe with a na-
ked eye. It should be noted that PL intenisty of PS layers
increased significantly during one-month aging in air at
the room temperature and then is stable for 2 to 10 months.
It should be noted that nanoporous thin (2025 nm) lay-
ers with the high porous area can be used for application
in various very sensitive devices, such as gas detectors,
solar cells, biosensors and others.
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Fig. 4. PLE (1,2) and PL (38) spectra of PS layers received by
stain etching on set-A (1,35) and set-B (2,68) samples. Excita-
tion wavelength in PL measuruments was 320 nm.
Fig. 5. Dependence of intensity PL on time of aging of PS thin layers
in air, excitation wavelength in PL measuruments was 337 nm.
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